Hydroxyl radicals (OH') in free solution react with scavengers at rates predictable from their known second-order rate constants. However, when OH' radicals are produced in biological systems by metalion-dependent Fenton-type reactions scavengers do not always appear to conform to these established rate constants. The detector molecules deoxyribose and benzoate were used to study damage by OH involving a hydrogen-abstraction reaction and an aromatic hydroxylation. In the presence of EDTA the rate constant for the reaction of scavengers with OH was generally higher than in the absence of EDTA. This radiomimetic effect of EDTA can be explained by the removal of iron from the detector molecule, where it brings about a site-specific reaction, by EDTA allowing more OH radicals to escape into free solution to react with added scavengers. The deoxyribose assay, although chemically complex, in the presence of EDTA appears to give a simple and cheap method of obtaining rate constants for OH reactions that compare well with those obtained by using pulse radiolysis.
INTRODUCTION
Radiolysis of water produces a substantial yield of hydroxyl radicals (OH') in free solution. Any molecules present in radiolysed water will react with OH' radicals at rates predictable from their established second-order rate constants. Some of these molecules react with OH in aqueous solution rapidly at almost diffusion-controlled rates, and are popularly known as 'hydroxyl-radical scavengers'. These include simple substances such as mannitol, thiourea, glucose, histidine, butan-1-ol, propan-2-ol, formate, benzoate and many others (for a compilation see Anbar & Neta, 1967) .
In biological systems, not subjected to high-energy radiation, the majority of OH radicals, or oxidants with similar activity, such as ferryl ions (FeO2+) 
Fe2+ +H202 --Fe3+ + OH-+ OH'
Biology, however, does not usually allow reactive metal ions to exist in free solution, they are bound with varied affinities to ligands. In the case of iron, the most abundant biological transition metal, binding affinity may be high (as occurs with the proteins transferrin or lactoferrin) or may be relatively low (as seen with albumin, carbohydrates and phosphate esters). If the low-affinity ligand-bound metal ion is able to react with H202, then OH radicals will be formed at the point of metal binding, giving rise to site-specific damage to the ligand (Van Hemmen & Meuling, 1975; Czapski, 1978) . Damage caused at a specific site will be difficult to arrest or prevent by adding OH' scavengers unless they have the special ability to approach the metal-binding sites closely. However, if a scavenger molecule has a higher binding affinity for the metal than the ligand, then the scavenger can protect the ligand, transferring the damage to itself (Gutteridge, 1984b) . In a similar way the metal chelator EDTA can remove iron from a detector molecule and transfer damage elsewhere. In the studies reported in the present paper, deoxyribose and benzoate were used to detect damage by OH in the presence and in the absence of EDTA. Damage to the carbohydrate deoxyribose by a hydrogenabstraction mechanism results in the release of thiobarbituric acid-reactive material (Bucknall et al., 1978; Von Sonntag, 1980; Gutteridge, 1981) , whereas benzoate is hydroxylated to hydroxybenzoates by an addition reaction (Armstrong et al., 1960) as well as decarboxylated to phenol (Loeff & Swallow, 1964; Winston & Cederbaum, 1982) . By using the hydrogenabstraction and addition reactions it was found that in most cases EDTA increased the effectiveness of the OH' scavengers. 
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4 ---Ix X-4-4-HOBZ -4HBZ IFX A -S-if±1 ITi Iiji =1-T tI-41-i4Al t i -- I.t---1 -:---tN - - A - v Al ItA -i%- kI 1WA-- I %I I R7Z -- + 7~-i f, - I7 I& X,
RESULTS
Measurement of spectrofluorimetric changes in the detector molecule benzoate was found to be a simple and convenient way to measure OH formation (Fig. 1) . Benzoate is weakly fluorescent under the conditions described, but after monohydroxylation forms highly fluorescent products (Fig. 1) . Two major products could be identified by h.p.l.c. separation, corresponding to 3-hydroxybenzoate and 4-hydroxybenzoate (Fig. 2) . Of these two products the 3-hydroxy compound is considerably more fluorescent than the 4-hydroxy product (Fig.  1) . No major peak corresponding to phenol was observed.
The maximum rate of deoxyribose degradation, dependent on OH radicals generated from the ferrous salt, was determined in the presence and in the absence of EDTA as a function of deoxyribose concentration (Fig. 3) . This reaction was not inhibitable with superoxide dismutase, as previously shown (Halliwell & Gutteridge, 1981) . At a final concentration of 17 mM deoxyribose appeared to be intercepting essentially all the OH radicals generated in the reaction. By use of the same approach, the maximum rate of benzoate hydroxylation occurred at a benzoate concentration of 1 mm both in the presence and in the absence of EDTA (results not shown). The addition of EDTA, at concentrations ranging from 1 to 5 mm, to the benzoate reaction stimulated the rate of hydroxylation in the lower concentration range but inhibited at higher values (Figs.  1 and 4) . Generation of thiobarbituric acid-reactivity from deoxyribose, however, was inhibited by EDTA when this exceeded the concentration of iron salt present (Fig. 4) .
Under the standard conditions of substrate (detector molecule), iron salt and EDTA described above, different concentrations of OH scavengers were added to determine the amount of scavenger required to inhibit damage to the detector molecule by 50%. At this concentration it is assumed that half the OH radicals generated will be intercepted by the scavenger. By using published rate constants for the OH scavengers, derived from radiolysis experiments, it is possible to calculate approximate rate constants in the two different detector systems. Values derived from these calculations are shown in Table 1 constant, and this was most pronounced for formate, ethanol, propan-2-ol and butan-l-ol in the deoxyribose system. Competition kinetic plots were made for the detector molecule and OH scavengers, since OH scavengers may well react with other intermediates of the reaction mixture. These are shown in Figs. 5 and 6 for thiourea, glucose, mannitol and formate. Thiourea and formate in the absence of EDTA deviated from simple competition kinetics (Figs. 5 and 6 ), whereas glucose and mannitol (Figs. 5 and 6 ) and also Tris, histidine, butan-l-ol, propan-l-ol and deoxyribose (results not shown) did not.
DISCUSSION
Simple molecules reacting with OH', and undergoing a detectable change characteristic of such radical attack, can be used as 'detectors' for OH or the formation of oxidants with similar properties such as the ferryl ion. Two such detectors have been used here for comparing rate constants of OH scavengers and for competitiveinhibition studies. Iron salts damage deoxyribose with the release of thiobarbituric acid-reactive material (Gutteridge, 1981) , and this damage can be related to the formation of OH radicals (Halliwell & Gutteridge, 1981) , since peroxyl and alkoxyl radicals formed from iron chelates and t-butyl hydroperoxide do not release thiobarbituric acid-reactive material from deoxyribose (results not shown). Damage to this carbohydrate by OH occurs mainly by hydrogen abstraction, resulting in the release of fragments with thiobarbituric acidreactivity indistinguishable from that of malondialdehyde (Gutteridge & Toeg, 1982) . The reaction of benzoate with OH is more complex, since at least three different radical mechanisms are known to be involved. Each mechanism has been used as the basis of a method for the detection of OH radicals. Thus decarboxylation with the release of CO2 and the formation of phenol (Matthews & Sangster, 1965; Sagone et al., 1980) , hydroxylation to increase fluorescence (Melhuish & Sutton, 1978; Baker & Gebicki, 1984) and release of thiobarbituric acid-reactive material (Gutteridge, 1984b) can be applied to benzoate. No evidence to support benzoate decarboxylation as a major pathway after damage by OH was found, in agreement with previous studies (M. Grootveld, personal communication) .
Recent studies have shown that OH scavengers do not always protect the detector molecule from OH' radicals, generated in a Fenton system, to the extent expected from their established rate constants (Gutteridge, 1984b; Moorehouse et al., 1985; Gutteridge & Halliwell, 1986) . These discrepancies can be partly explained by assuming that iron ions bind, with various affinities, to components of the reaction mixture. When they bind to the detector molecule, then damage will be directed to this molecule in a site-specific way. However, when they bind to the scavenger, the detector will be efficiently protected. When EDTA is present in the reaction, OH scavengers appear to act with efficiencies closely related to their rate constants derived from radiolysis experiments (Gutteridge, 1984b; Gutteridge & Halliwell, 1986 ).
This 'radiomimetic' effect of EDTA is probably due to the 'open' structure of its iron chelates, which allows sufficient OH' radicals to escape reaction with EDTA and to be released into free solution, where they are Vol. 243 equally accessible to the detector molecule and to any scavenger added.
The formation of OH' in the presence of EDTA does not necessarily mean that damage by OH' will be increased. Indeed, here it is shown that when EDTA exceeds the concentration of iron salt present it does not increase formation of thiobarbituric acid-reactive material from deoxyribose, suggesting that the binding of iron to the deoxyribose molecule is advantageous to the release of thiobarbituric acid-reactive fragments. Hydroxylation ofbenzoate, however, was increased by the presence of EDTA, suggesting that the site of metal binding was not advantageous to hydroxylation leading to fluorescence. EDTA has several unique properties when present in radical reactions; these include its ability to alter the redox potential of iron ions, to solubilize iron at physiological pH values, to accelerate the autoxidation of Fe2+ ions and to eliminate the inhibitory effects of Cu2+ ions (Gutteridge, 1984a; Cohen, 1985; Grootveld & Halliwell, 1986) .
In Fenton reactions it is likely that OH' scavengers with higher iron-binding affinities than the detector molecule will always appear to be more efficient scavengers of OH' than those that bind iron less tightly. When this occurs, the addition of EDTA can restore the effectiveness of an OH' scavenger. Molecules such as glucose, mannitol, histidine and thiourea are known to complex metal ions, and this may explain why their apparent rate constants were not significantly increased by the addition of EDTA. The reasons why ethanol, propan-2-ol and benzoate are not so greatly affected by the addition of EDTA and show low values in the deoxyribose method are at present unclear. One possibility is that the radical formed after OH' attack on the scavenger interacts with the iron salt.
Competition kinetics between the detectors and OH' scavengers showed a linear response for most of the scavengers tested. However, thiourea and formate deviated from linearity, suggesting that they were acting in some other way with components of the reaction mixture (Moorehouse et al., 1985) . It is known that thiourea reacts with H202, an important intermediate in the formation of OH' (Cederbaum et al., 1979 
